Abstract-The WiMAX Forum has defined a two-tiered mobility management to minimize handover delay and packet loss. However, it leads to another problem: When to perform ASN GW relocation? The standards only define the ASN GW relocation procedures without specifying when the ASN GW relocation should be performed. It is left for vendors and operators to develop their own proprietary solutions. In this paper, we propose an algorithm, which incorporates traditional Admission Control (AC) and Wiener Process (WP)-based prediction algorithms to determine when to carry out ASN GW relocation. We further develop an analytical model to analyze the proposed algorithm. Simulations are also conducted to evaluate the performance of the proposed algorithm. The results show that the proposed algorithm can improve the performance significantly in terms of blocking probability, dropping probability, average serving rate, and average signaling overhead.
1. Without loss of generality, we only discuss MIP in this paper. Although Client MIP (CMIP) and Proxy MIP (PMIP) are discussed in the WiMAX standards, they are variants of MIP. The technical problems and solutions discussed in this paper apply to both CMIP and PMIP as well.
reduce end-to-end latency, or for resource optimization purposes [4] , [5] . After performing ASN GW relocation, the traffic anchor point is changed to ASN GW C. The MS then is not served by ASN GW A. This is shown in Fig. 1 after changing from Flow (4) to Flow (5) . Although the two-tiered mobility management defined in WiMAX potentially can minimize handover delay and packet loss, it leads to another problem: When to perform ASN GW relocation? The WiMAX standards, however, only define the procedures for ASN Anchored Mobility and CSN Anchored Mobility. The standards do not address when the Anchored MSs should perform ASN GW relocation to relocate the traffic anchor point from the anchored ASN GW to the serving ASN GW. The problem is left for vendors and operators to develop their own proprietary solutions. Besides, the problem is closely related to Admission Control (AC), which is widely used in wireless networks to ensure service quality and reduce network congestion by limiting the number of MSs served in the network. However, traditional AC algorithms [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] , [17] cannot be used directly when the two-tiered mobility management is deployed in WiMAX. As aforementioned discussion, some MSs may be served by two ASN GWs. The resources are required in both ASN GWs. Therefore, those MSs will be counted twice in two ASN GWs by the AC algorithm. If there are many Anchored MSs, new incoming users will likely be rejected due to the lack of resources. If the ASN GW relocation can be performed before the system becomes overloaded, the system may be able to accommodate more MSs. Therefore, a well-designed AC algorithm should cooperate with the ASN GW relocation algorithm closely.
In this paper, we propose Gateway Relocation AC (GRAC), which combines ASN GW relocation and AC algorithm to maximize system capacity. In GRAC, the AC algorithm cooperates with the ASN GW relocation. When a new MS arrives and there is no resource for the newly arrived MS, the proposed GRAC will request an Anchored MS to perform ASN GW relocation if there are Anchored MSs in the system. Moreover, because handover MSs are sensitive to call dropping and handover latency, we also propose a prediction algorithm based on Wiener Process [18] to request Anchored MSs to perform ASN GW relocation early. Thus, handover MSs are not dropped when the system load is full. In addition, handover MSs do not need to wait for the completion of ASN GW relocation so handover latency can be reduced. Furthermore, we develop an analytical model to investigate the performance of the proposed GRAC. The model analyzes the performance bounds of the system. Extensive simulations are conducted to validate the analysis. The results show that the proposed GRAC can effectively reduce the blocking probability of new MSs and the dropping probability of handover MSs. The average signaling overhead is also reduced. The average serving rate is increased.
The contributions of this paper include: 1) The proposed GRAC provides a systematic way to solve the problem effectively.
2) The proposed GRAC is fully compatible with the WiMAX standards, and can be used with other AC algorithms. 3) We derive the performance bounds mathematically and show that the performance of the proposed GRAC approaches the lower bound.
The rest of this paper is organized as follows: Section 2 reviews the related work. The proposed GRAC is presented in Section 3. In Section 4, we propose an analytical model to evaluate the performance bounds of the proposed GRAC. The numerical results are discussed in Section 5. Section 6 concludes this paper. network architecture. In [19] , the authors discuss the mobility management in WiMAX networks and several optimization procedures for ASN Anchored Mobility management. For example, the data path is extended from the old ASN GW to a new ASN GW to reduce the impact of the delay caused by IP-layer handover. In [21] , the authors propose a fast intra-network and cross-layer handover protocol to support fast and efficient handover in WiMAX. In [22] , a seamless IP mobility scheme is proposed and evaluated in the flat architecture of WiMAX networks. In [23] , the authors propose an analytical model to study the cost of Anchor Paging Controller (APC) reassignment in ASN GW for location update. The APC relocation problem has a great impact on signaling overhead for location tracking.
Moreover, the two-tiered mobility management defined in WiMAX is similar to that in Hierarchical MIP (HMIP) [24] . In HMIP, the multiple levels of FA hierarchy can reduce handover latency and localize the MIP signaling traffic. In addition, Xie et al. [25] propose a distributed dynamical regional location management to determine the size of a regional network based on the MS's traffic load and mobility patterns [25] . In [26] , the authors design a dynamical HMIP scheme for MIP networks. Each MS dynamically determines the hierarchy of FAs according to the call-to-mobility ratio. The MIP registration update is only performed when a threshold is reached. Therefore, the signaling overhead incurred by MIP can be reduced significantly. The similar idea of chain-like architecture is also applied to the location update in cellular networks [27] . In WiMAX, however, an MS is served at most by two ASN GWs (FAs) simultaneously due to the specific two-tiered mobility management procedures.
In the literature, some gateway relocation approaches or load control techniques for cellular networks or IP-based mobile networks have been proposed [28] , [29] , [30] , [31] , [32] . In [31] , the Serving Radio Network Controller (SRNC) relocation is discussed for the Universal Mobile Telecommunications System (UMTS). The SRNC in UMTS networks is similar to the ASN GW in WiMAX. They all control and manage the connections in the radio access network. When an MS no longer connects to the BS under the RNC, which is serving the MS currently, SRNC relocation is immediately initiated by the new SRNC. Hence, the SRNC can decide when to perform SRNC relocation. However, in WiMAX, if the MS connects to the BS which is under another ASN, the MS only performs ASN Anchored Mobility. This is because that if both ASN Anchored Mobility and CSN Anchored Mobility are performed simultaneously, the handover delay will become too long.
In MIP, load balancing and load control mechanisms have been proposed [28] , [29] , [30] , [32] . The idea is that according to different criteria, MSs are equally served by HAs or Mobility Anchor Points (MAPs). However, if the approaches discussed in [28] , [29] , [30] , [32] are used in WiMAX, the loads of the anchored and serving ASN GWs are all affected. The MSs may also need to perform both ASN Anchored Mobility and CSN Anchored Mobility during an inter-ASN handover. The long handover latency and high packet loss will degrade the service quality. On the other hand, in WiMAX, when performing ASN GW relocation, the load of the anchored ASN GW is reduced but the load of the serving ASN GW is not affected. Although the aforementioned techniques can reduce the load of the old serving ASN GW, the load of the new serving ASN GW is increased. Therefore, only the Anchored MS needs to perform ASN GW relocation to reduce the load of the Anchored ASN GW. The load of the Serving ASN GW is irrelevant.
Admission Control (AC) is one of the resource management techniques to limit maximum amount of traffic in the network to guarantee service quality for subscribers. In wireless and mobile networks, the AC algorithms are much more complicated due to the movement of MSs. An MS served in current network may move to another network. The connection of the MS may be dropped if the required resources in the target network cannot be supported. It is generally agreed that keeping an ongoing connection unbroken is more important than admitting a new MS. Therefore, a handover MS is given higher priority to access the network resources. For this purpose, the overall resources are partitioned and some resources are preserved for the handover MSs only. This is called priority-based AC. Various priority-based AC algorithms have been proposed [9] , [10] , [11] , [12] , [13] , [14] , [15] , [16] , [17] . Here, we discuss two commonly used priority-based AC algorithms: cutoff priority algorithm [10] , [11] , [12] and new call bounding algorithm [9] . Fig. 2 illustrates the resource allocation in the cutoff priority algorithm and new call bounding algorithm. In the cutoff priority algorithm, both new MS and handover MS can be admitted if the total number of new MSs and handover MSs in the network is equal to or less than a predefined threshold, T cp , which is less than the total capacity C. Once the number of new MSs and handover MSs in the network reaches T cp , new MSs are blocked. Only handover MSs are admitted. Once the total number of MSs exceeds C, handover MSs are dropped. In the new call bounding algorithm, there is a limit, T ncb , for the number of new MSs admitted into the network, which is also less than the total capacity C. The handover MSs use the resources in C À T ncb first. If the number of new MSs is less than T ncb , handover MSs can use more resources than C À T ncb . However, the number of new MSs is always less than T ncb or the remainder resources the handover MSs have not used. This is shown as X < minðT ncb ; C À Y Þ in Fig. 2b . To show the difference between the two algorithms, we assume C equals 50, and both T cp and T ncb are 30. We also assume in both algorithms, there are now 20 new MSs and 10 handover MSs. In the cutoff priority algorithm, a newly arrived MS will be blocked and a handover MS will be admitted. In the new call bounding algorithm, however, both a new MS and a handover MS will be admitted.
There are still many other AC algorithms. The ideas are similar although they may have different names. Nevertheless, they cannot be applied to WiMAX networks directly. As aforementioned discussion, due to the specific mobility management techniques in WiMAX, an MS may be served by two ASN GWs simultaneously. Hence, the required resources of an Anchored MS are reserved in both ASN GWs. Besides, the Anchored MS will be counted twice in two ASN GWs in the AC algorithm. Thus, when many MSs are served by two ASN GWs in the system, a newly arrived MS or handover MS may be easily blocked or dropped by the AC algorithm. Without considering ASN GW relocation in the AC algorithm, the network performance will be degraded significantly.
PROPOSED GATEWAY RELOCATION ADMISSION CONTROL (GRAC)
The ASN GW relocation may be initiated at different times with different reasons. For example, as aforementioned discussion, an MS may perform ASN Anchored Mobility without performing CSN Anchored Mobility to reduce handover latency. After the handover is completed (i.e., the handover delay has been reduced), the MS may perform ASN GW relocation immediately so the number of Anchored MSs can be kept small. However, it may not be a good strategy always to relocate an Anchored MS so quick. For example, an MS may move fast and keep changing its Serving ASN GW. In this example, it might be better to keep the Anchored ASN GW unchanged. In some other examples, if the system load is light, there is no emergent need to perform ASN GW relocation. However, when more and more MSs are served by two ASN GWs, the system load will become heavy. New users may be blocked. Handover users may be dropped as well. The network performance may be reduced significantly. Therefore, performing ASN GW relocation is essential. In WiMAX standards [4] , [5] , it is specified that ASN GW can decide when to perform ASN GW relocation. In this paper, we consider that the system load is heavy so Anchored MSs are forced to perform ASN GW relocation. The proposed GRAC determines when to request Anchored MSs to perform ASN GW relocation and how many Anchored MSs should be relocated. After ASN GW relocation, resources are released and system performance is improved.
Because WiMAX is based on all-IP network architecture, a variety of services, including voice and data services, can be deployed. Unlike voice traffic, data traffic tends to be bursty. Therefore, it is hard to estimate the resource required in an ASN GW to fulfill the requirements of the MSs the ASN GW is currently serving. If the resource in one ASN GW is overprovisioned, the ASN GW may become a performance bottleneck. Another approach is that the number of BSs controlled by each ASN GW can be scaled down to prevent the resource overprovision. However, because the number of BSs controlled by each ASN GW is reduced, this will cause many inter-ASN handovers. As a result, this approach will incur high cost. In [22] , the authors discuss the flat mobile WiMAX network architecture. The paper shows that the resource management problem in the ASN GW has a great impact on the performance of WiMAX network architecture. Besides, in WiMAX, the AC algorithm can be deployed in each ASN GW to limit the maximum number of MSs to ensure network service quality. Our goal is to design a stand-alone algorithm such that each ASN GW can determine when to request Anchored MSs to perform ASN GW relocation. The proposed algorithm does not need to exchange information between neighboring ASN GWs. It also does not require centralized coordination and any assistance from extra servers. In addition, the proposed algorithm does not need to predict the movement of the mobile stations. It combines AC algorithm with a prediction technique to determine when is necessary to perform ASN GW relocation. Thus, it is called Gateway Relocation AC (GRAC). The corresponding parameters used in this section are listed in Table 1 .
The proposed GRAC consists of two components. The first one is AC algorithm, which is discussed in Section 3.1. The prediction algorithm based on Wiener Process (WP) is then presented in Section 3.2. 
New Call Bounding AC with ASN GW Relocation
As discussed in Section 2, the ideas of AC algorithms are similar, although they have different names. Basically, the overall resources are partitioned and some resource are preserved for the handover MSs only. The proposed GRAC can work with any AC algorithm. In this section, we simply pick up the new call bounding algorithm. For simplicity, here we assume that the resource assigned to each MS in one ASN GW is equal. The main point is not on a specific AC algorithm. The focus is on how to modify an AC algorithm for the two-tier mobility management in WiMAX. The proposed GRAC with the new call bounding algorithm is presented in Algorithm 1. In Algorithm 1, we limit the number of Serving MSs and Anchored MSs in one ASN GW. As shown in Fig. 2 , C is the maximum number of MSs in the network and T ncb is the limit for the number of new MSs, which have been admitted into the network. Let W ðtÞ denote the total number of MSs in the ASN GW at time t. W ðtÞ consists of N S ðtÞ, N A ðtÞ, and N H ðtÞ, which represent the number of Serving MSs, the number of Anchored MSs, and the number of handover MSs, respectively, at time t. As aforementioned discussion, a new MS admitted into the ASN GW is regarded as a Serving MS. After the MS performs inter-ASN handover to a neighboring ASN, the MS becomes an Anchored MS of the ASN GW. Thus, N A ðtÞ is increased by 1 but N S ðtÞ is decreased by 1. N S ðtÞ ÀN S ðtÞ þ 1 /* The new MS is accepted. */ 8:
The new MS is blocked. To adapt the new call bounding algorithm into WiMAX networks, the algorithm is modified as: Because one Anchored MS is relocated, the new MS can be accepted. Otherwise, the new MS is blocked. Furthermore, if a handover MS arrives at time t, it is always accepted unless W ðtÞ ¼ C 0 . As aforementioned discussion, in this paper, we consider that the system load is heavy. Therefore, Anchored MSs are forced to perform ASN GW relocation to accommodate new coming users. Based on this principle, we can set T 0 ncb as T ncb and C 0 as C. Thus, an Anchored MS is requested to perform ASN GW relocation only when no more resource is available for a new coming MS. The proposed GRAC does not limit the selection of other parameters for other conditions.
WP-Based Prediction Algorithm
In the above algorithm, we can set C 0 as C because a new coming MS can be queued until the resource is available after ASN GW relocation is completed. However, this approach cannot be applied to handover MSs because handover MSs are sensitive to handover latency. The acceptable handover delay is much less than the queuing delay of a new MS. Assuming that a handover MS arrives and C is reached. If the handover MS needs to wait for the ASN GW relocation of one Anchored MS, the handover latency will be too high. Actually, if ASN GW relocation is performed just when a handover MS arrives, it is equivalent to performing both ASN Anchored Mobility and CSN Anchored Mobility. The handover latency cannot be reduced. On the other hand, one may perform ASN GW relocation much earlier than C is reached. However, this may force many Anchored MSs to perform ASN GW relocation, which may not be preferable as already discussed earlier. Thus, for handover MSs, it is critical to perform ASN GW relocation at an appropriate time. Therefore, we propose a prediction algorithm based on Wiener Process (WP) which provides a systematic way to determine when to request Anchored MSs to perform ASN GW relocation. In addition, the algorithm can also estimate how many Anchored MSs should be relocated. As we will see later, the proposed algorithm is simple and accurate. The algorithm is described in Algorithm 2. [18] . The W ðtÞ we want to model is impacted by a large number of factors. These factors are either independent or weakly dependent of each other. For example, W ðtÞ is impacted by the arrival rate of new MSs, arrival rate of handover MSs, average connection holding time, average network residence time, and so on. Based on the definitions and properties of Wiener Process, W ðtÞ is continuous and ÁW (ÁW ¼ W ðtÞ À W ðt À ÁtÞ) follows normal distribution. However, according to the Central Limit Theorem (CLT) [33] , we can use a normal distribution to approximate ÁW although W ðtÞ we want to model is integer-valued. The reason is that the variation of ÁW is large and the probability distribution of ÁW approaches to normal distribution. This suggests that Wiener Process can be used to estimate future value of W ðtÞ based on current and past samples of W ðtÞ. By using Wiener Process, W ðtÞ can be modeled as
where is a standard normal random variable and Át is the prediction time interval. ÁW is the variation from ðt À ÁtÞ to t. Thus, the quantity of ÁW can be computed. ÁW can be further modeled as a normal random variable for any given Át. The variation of Wiener Process in the following equation allows the mean and standard deviation of ÁW to be changed over time:
where and are constants. As shown in (2), ÁW becomes a normal distributed random variable with mean Át and standard deviation ffiffiffiffiffiffi Át p . It suggests that the mean and the standard deviation of ÁW , for any given Át, can be calculated directly from and . Therefore, and are referred to as the expected drift rate and the standard deviation rate of ÁW , respectively. For any given time interval , the and can be estimated based on the mean and variance of the sample values in previous k time intervals. The samples in the time interval ½t À i À ; t À i are W ðt À iÞ À W ðt À i À Þ, for i ¼ 0; . . . ; k À 1. Hence, can be estimated by
Also,, the estimation of , is given bŷ
By using (2)- (4), we can estimate ÁW closely when k ! 25 [34] . Therefore, Wiener Process can estimateŴ ðt þ ÁtÞ in the near future by using current W ðtÞ and ÁW .
Algorithm 2 shows the prediction based on Wiener Process. It is executed at each time interval . At the sampling time t, the ASN GW records the sample, W ðtÞ. After that, only the latest k samples are recorded in the ASN GW. Also, we define a threshold, T wnr , to determine whether the WP-based prediction should be executed or not. If W ðtÞ ! T wnr , our algorithm uses the k samples and (1)-(4) to estimateŴ ðt þ ÁtÞ to determine whether to perform ASN GW relocation or not. We also use the difference betweenŴ ðt þ ÁtÞ and C to determine how many Anchored MSs need to perform ASN GW relocation.
The proposed WP-based prediction algorithm directly estimates the average number of MSs,Ŵ ðt þ ÁtÞ, in the near future. According to (2), ÁW is determined by , , and Át. In addition, by (3) and (4), and are affected by W ðt À iÞ, 8i ¼ 0; . . . ; k À 1. Thus, ÁW is sensitive to the variation of the samples of W ðtÞ and Át. Therefore, when ÁW is increasing, the algorithm can easily predict that W ðt þ ÁtÞ is going to be higher than C becausê W ðt þ ÁtÞ ¼ W ðtÞ þ ÁW . Thus, it can request Anchored MSs to relocate their anchor points earlier. Also, by using the difference betweenŴ ðt þ ÁtÞ and C, the algorithm can easily determine how many Anchored MSs should be relocated. The calculations in Wiener Process are simple. The number of sampling data to be recorded is minimal. It is easy to implement. The proposed WP-based prediction algorithm provides a systematic way to perform ASN GW relocation when system load is heavy.
Discussion
Comparing with traditional AC algorithms, the proposed GRAC decreases the blocking probability of new MSs in WiMAX networks. To see the reasons behind it, we use Flow (3) in Fig. 1 as an example. When deploying traditional AC algorithms without considering ASN GW relocation, a new incoming MS is blocked when N S ðtÞ þ N A ðtÞ ¼ minðT ncb ; C À N H ðtÞÞ in ASN GW A. However, there may be some Anchored MSs served in ASN GW A, that is, N A ðtÞ > 0. In contrast, in the proposed GRAC, ASN GW A will request one of the Anchored MSs to perform ASN GW relocation to relocate the traffic anchor point from ASN GW A to ASN GW B. Therefore, N A ðtÞ in ASN GW A is decreased. Thus, N S ðtÞ þ N A ðtÞ < minðT ncb ; C À N H ðtÞÞ. Therefore, a new incoming MS can be accepted by ASN GW A. Besides, the W ðtÞ in ASN GW B is not increased.
Moreover, in order to reduce the dropping probability of handover MSs, the WP-based prediction algorithm prevents the handover MS from being dropped. WhenŴ ðt þ ÁtÞ is expected to be larger than C, some Anchored MSs are requested to perform ASN GW relocation. In addition, the number of Anchored MSs requested to perform ASN GW relocation is estimated asŴ ðt þ ÁtÞ À C. On the other hand, if W ðtÞ is approaching C but the variation of the samples of W ðtÞ is smooth, the WP-based prediction will not request Anchored MSs to perform ASN GW relocation. This is because the system is not expected to be overloaded although W ðtÞ is approaching C. Thus, even if the system load remains high, the Anchored MSs are not necessary to relocate their traffic anchor points. Thus, signaling overhead can be reduced even though the system load is heavy. In short, the proposed WP-based algorithm can trigger ASN GW relocation at an appropriate time. It can also estimate how many Anchored MSs should be relocated. Thus, the dropping probability of handover MSs can be reduced significantly.
In addition to the WP-based prediction algorithm, in our earlier paper [8] , we also discussed some other predictive and nonpredictive ASN GW relocation algorithms. Because the WP-based prediction algorithm performs best, we adopt it in the proposed GRAC.
PERFORMANCE ANALYSIS
In this section, we propose an analytical model to investigate the performance of the proposed algorithm. In the analysis, the connection holding time is defined as the time from an MS connects to the network until it is disconnected. The network residence time is the time an MS is served by an ASN GW. We assume each ASN GW has two arrival processes which are Poisson distributed with rate n and h for new MSs and handover MSs, respectively. If a new MS is admitted into the network, we assume the connection holding time and network residence time follow exponential distribution with mean 1= c and 1= n , respectively. For a handover MS, only network residence time is required. It is also assumed to be exponentially distributed with mean 1= n . The corresponding parameters are also listed in Table 1 .
To analyze the proposed GRAC, there are three major factors to be considered-the number of Serving MSs, the number of handover MSs, and the number of Anchored MSs. Intuitively, a 3-D Markov chain may be used to investigate the performance. Unfortunately, the computational complexity of a 3-D Markov chain will be increased dramatically when the number of MSs in the system becomes large. It is computationally infeasible to calculate the solution. Therefore, instead of solving the 3-D Markov chain, we derive the upper bound and lower bound by considering the following two extreme cases:
1. Upper bound: If we assume each MS never performs ASN GW relocation, it will always be served by two ASN GWs. For each ASN GW, the average service time of new MSs is 1= c . That is, the MSs will stay in the ASN GW for the duration of whole connection holding time. It will result in the highest blocking probability for new MSs and dropping probability for handover MSs.
Lower bound:
If each MS always performs ASN GW relocation immediately after each inter-ASN handover, the average service time of new MSs becomes 1=ð c þ n Þ for each ASN GW. Thus, we will have the lowest blocking probability for new MSs and dropping probability for handover MSs. In both of the above cases, the average service time of handover MSs is 1= n for each ASN GW. As we will see later, the upper and lower bounds can be derived by a 2D Markov chain.
Next, we calculate the upper bound and lower bound of the proposed GRAC. Because we aim at getting the upper and lower bounds, the WP-based prediction algorithm is irrelevant to the mathematical analysis. The simulation results of the WP-based prediction algorithm will be discussed in Section 5. The following analysis is based on that in [9] .
We denote u n as n = c for the upper-bound analysis. In the lower-bound analysis, similarly, l n equals n =ð c þ n Þ. In addition, h ¼ h = n . Let p u n 1 ;n 2 denote the steady state probability that there are n 1 Serving and Anchored MSs, and n 2 handover MSs in the ASN GW for the upper-bound case. According to the new call bounding AC described above, the state transition diagram can be drawn as a 2D Markov chain, as shown in Fig. 3 . Hence, for the upper-bound case, we can obtain the global balance equations as follows:
þ ðn 1 þ 1Þ c p u ðn1þ1Þ;n2 ; n 1 ¼ 0; n 2 ¼ 0:
þ ðn 2 þ1Þ n p u n 1 ;ðn 2 þ1Þ þ ðn 1 þ1Þ c p u ðn 1 þ1Þ;n 2 ; 1 n 1 < T ncb ;
By solving (5a)-(5i), the steady-state probability distribution can be obtained as follows:
where
Thus, we can obtain the blocking probability, p u nb , of new MSs and the dropping probability, p u hd , of handover MSs as follows: 
With the steady-state probabilities, the average serving rate, Â u , is given by
For the lower-bound case, we can use the similar approach to obtain p (6)- (10). We also consider the signaling overhead generated by executing ASN GW relocation. The average signaling overhead is defined as the average number of ASN GW relocation performed in the system. It is denoted as Ã u and Ã l for the upper-bound case and lower-bound case, respectively. As discussed above, the ASN GW relocation is never performed in the upper-bound case. Thus, the average signaling overhead is given by
On the other hand, in the lower-bound case, the ASN GW relocation is immediately executed after an MS performs inter-ASN handover. The average signaling overhead is given by
The computational complexity in the proposed analytical models is low. In our analytical model, n and c are two important factors for the performance results. As mentioned above, the average service times of a new MS for upper-bound case and lower-bound case are 1= c and 1=ð c þ n Þ, respectively. If c ) n , c becomes the dominating factor and the upper and lower bounds are almost equal. Besides, if the difference between n and c in a new MS is large, the average service times of upper and lower bounds are relatively different. Thus, the difference in the performance results between upper bound and lower bound is large. Moreover, when n is increased but c keeps unchanged, the blocking and dropping probabilities of the lower-bound case also become relatively lower than that of the upper-bound case according to (8) and (9) . Therefore, our analytical model suggests that when to perform ASN GW relocation has a great impact on the performance of WiMAX networks.
NUMERICAL RESULTS
This section provides the numerical results for the analysis presented in Section 4. The analysis is validated by extensive simulations by using Network Simulator-version 2 (ns-2) [35] . The analytical results of both upper-bound and lower-bound cases are close to the simulation results. In addition to the upper-bound analysis and lower-bound analysis, we also provide simulation results for the proposed GRAC with WP-based prediction. The parameters and values used in simulations are listed in Table 2 .
The following sections present the results with various performance metrics. The results are based on exponential distribution for connection holding time and network residence time. We have also conducted simulations by using gamma distribution to model connection holding time and network residence time with mean 1= c and 1= n . The results are similar to those shown in Figs. 4, 5, 6, 7, 8, 9, 10, 11 . Due to space limitation, we only present the results by using exponential distribution. Fig. 4 depicts the blocking probability of new MSs when n is varied from 0.01 (1/s) to 0.1 (1/s). We set h ¼ 0:04 (1/s) and 1= n ¼ 400 (s). As expected, for both upper-bound and lower-bound cases, the blocking probability increases significantly when n increases. Nevertheless, Fig. 4 shows that the blocking probability of the proposed GRAC is close to that of the lower-bound case regardless of the value of Át. This is because our algorithm can appropriately request Anchored MSs to perform ASN GW relocation when a new MS arrives.
Blocking Probability of New MSs
We also investigate the blocking probability with different mean network residence time, 1= n , as shown in Fig. 5 . In this case, we choose n ¼ 0:04 (1/s) and h ¼ 0:04 (1/s). When 1= n increases, the MSs will be served by the ASN GW longer. Thus, they perform inter-ASN handover less. Therefore, the blocking probability in the lower-bound case and the proposed GRAC is increased even if n and h are fixed. On the other hand, because the new MSs never perform ASN GW relocation, the blocking probability of the upper-bound case is irrelevant to 1= n . Therefore, it remains constant. Comparing the upper-bound case with the lower-bound case, when 1= n is much lower than 1= c , many new MSs become Anchored MSs. The incoming new MSs can be accepted easily by requesting the Anchored MSs to perform ASN GW relocation in the lower-bound case. Thus, the difference of the blocking probability between upper-bound case and lower-bound case is relatively large. Fig. 6 illustrates the dropping probability of handover MSs when n is varied from 0.01 (1/s) to 0.1 (1/s). As that in Section 5.1, we set h ¼ 0:04 (1/s) and 1= n ¼ 400 (s). When TABLE 2 Parameters for Simulation n increases, i.e., there are more MSs in the system, the dropping probability increases too. The handover MS is dropped when C in the AC algorithm is reached. In the proposed GRAC, however, the WP-based prediction is sensitive to the variation of the samples. The Anchored MSs are requested to perform ASN GW relocation when the system is expected to be overloaded. Thus, the dropping probability of handover MSs is reduced significantly. In Fig. 6 , we show the simulation results of the proposed GRAC with Át ¼ 5 (s) and Át ¼ 10 (s). We observe that when Át ¼ 10 (s), the dropping probability of the proposed GRAC is very close to that of the lower-bound case. This is because the WP-based prediction is sensitive to the variation of the samples of W ðtÞ. According to (1)-(4), when ÁW > 0 and Át increases, it is easier for the WP-based prediction algorithm to determine whether the system will be overloaded or not in the near future. As a result, the Anchored MSs are requested to perform ASN GW relocation earlier. However, if we set the value of Át to be a relatively large value, e.g., Át ¼ 1;000 (s), Át becomes the only dominating factor and the impact of the variation of the samples is small. Thus, the WP-based prediction algorithm becomes useless. As we can see, when Át is equal to twice of the sampling interval, , the result is very close to that of the lower-bound case. This is sufficient for the WP-based prediction algorithm.
Dropping Probability of Handover MSs
We also investigate the dropping probability with different mean network residence time, 1= n , as shown in Fig. 7 . In this case, we choose n ¼ 0:04 (1/s) and h ¼ 0:04 (1/s). When 1= n increases, the new MSs and handover MSs are served by one ASN GW longer. Thus, they perform inter-ASN handover less. Therefore, the dropping probability is increased even if n and h are fixed. However, unlike the blocking probability shown in Fig. 5 , the dropping probability of the upper-bound case is also increased. This is because the handover MSs are also served by one ASN GW longer. In addition, in the proposed GRAC, the dropping probability of Át ¼ 10 (s) is lower than that of Át ¼ 5 (s).
Average Serving Rate
The average serving rate is defined as the average number of MSs served by an ASN GW per minute. It includes both new MSs and handover MSs. Fig. 8 presents the average serving rate versus n , where n is varied from 0.01 (1/s) to 0.1 (1/s). We choose h ¼ 0:04 (1/s) and 1= n ¼ 400 (s). As shown in the figure, the upper-bound case and lowerbound case are almost equal when n 0:02 (1/s). This is because the blocking and dropping probabilities are small in both cases. However, when n increases, the average serving rate of lower-bound case increases faster than that of upper-bound case. This is because the blocking and dropping probabilities in the upper-bound case are higher than those in the lower-bound case. Thus, less MSs are served in the upper-bound case. Please also note that the average serving rate of the proposed GRAC is very close to that of the lower-bound case.
In Fig. 9 , we investigate the average serving rate with different mean network residence time, 1= n . We also set n ¼ 0:04 (1/s) and h ¼ 0:04 (1/s). Fig. 9 shows that the average serving rate decreases when 1= n increases. This is because both new and handover MSs perform inter-ASN handover less. Besides, the average serving rate of the proposed GRAC is close to that of the lower-bound case. 0.1 (1/s). We set h ¼ 0:04 (1/s) and 1= n ¼ 400 (s). The amount of signaling traffic generated by executing CSN Anchored Mobility can be measured by the number of ASN GW relocation performed in the system. As shown in the figure, the signaling overhead of the upper-bound case is 0, because new MSs never perform ASN GW relocation in the upper-bound case. In the lower-bound case, the signaling overhead is increased when n increases. However, the signaling overhead of the proposed GRAC is always lower than that of the lower-bound case. This is because with WPbased prediction, the proposed GRAC can request ASN GW relocation only when the system is expected to be overloaded as that discussed in Section 3.3. Furthermore, we also investigate the average signaling overhead with different mean network residence time, 1= n , as shown in Fig. 11 . We still set n ¼ 0:04 (1/s) and h ¼ 0:04 (1/s). Again, the signaling overhead of the upperbound case is 0. For the lower-bound case, when 1= n is small, the signaling overhead is relatively high because the MSs are more likely to perform inter-ASN handover. However, regardless of the variation of 1= n , the average signaling overhead of the proposed GRAC almost remains constant.
Average Signaling Overhead

SUMMARY
In WiMAX standards, an ASN GW can decide when to perform ASN GW relocation. In this paper, we consider that the system load is heavy, so Anchored MSs are forced to perform ASN GW relocation. We propose GRAC which considers admission control and ASN GW relocation jointly to improve the performance of WiMAX networks. The traditional AC algorithms cannot be used directly when the two-tiered mobility management is deployed in WiMAX because some MSs may be served by two ASN GWs. If there are many Anchored MSs, new incoming users will likely be rejected due to the lack of resources. In the proposed GRAC, the AC algorithm cooperates with the ASN GW relocation. When a new MS arrives and there is no resource for the newly arrived MS, the proposed GRAC will request an Anchored MS to perform ASN GW relocation. In addition, for handover MSs, the WP-based prediction algorithm can trigger the ASN GW relocation at an appropriate time. It can also estimate how many Anchored MSs should be relocated. We develop an analytical model to investigate the performance of the proposed GRAC. The model analyzes the performance bounds of the system. Extensive simulations are also conducted to validate the analysis and evaluate the performance of the proposed GRAC. The numerical results show that the proposed algorithm can effectively reduce the blocking probability, dropping probability, and average signaling overhead. It also increases the average serving rate. 
